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In accordance with the work program for the restoration of klystrons, a cycle of studies was carried out, which
includes X-ray fluorescence analysis of the composition of the emitter layer and core of oxide cathodes with differ-
ent degrees of operating time. Studies have been conducted to assess the possibility of using and predicting the re-
source, both restored and used cathodes. Studies were conducted to assess the possibility of using and predicting the
resource, both restored and used cathodes. The analysis was performed using a Bruker S8 TIGER WDXRF spec-
trometer (X-ray tube power 4 kW, Rh-cathode, current up to 170 mA, voltage up to 60 kV), with Spectra Plus soft-
ware package. Comparative analysis of the data obtained for emitters with different degrees of development can

provide a fairly reliable estimate of the efficiency and resource of the cathodes.

PACS: 29.25Bx

FORMULATION OF THE PROBLEM

At present, in the research complex “Accelerator”
NSC KIPT there are in constant operation 5 accelerator
complexes containing 8 microwave stations. As electron
sources of high-frequency power, linear electron accel-
erators use pulsed klystron amplifiers of the Aurora type
at a frequency of 2797 MHz, with a pulsed output pow-
er of up to 20 MW and an average of 2.6 kW. One of
the reasons for klystron failure is the loss of cathode
emissions. In klystrons of the Aurora type, an oxide
barium cathode is used. It is known [1] that the emission
properties of the oxide cathode directly depend on the
composition of both the emitting layer and the core.
Therefore, the task was to study the structure of the
cathodes in order to predict the term of further operation
and restoration of emission properties.

OBJECT OF RESEARCH

The cathode used in klystrons of the Aurora type is a
nickel core with reducing additives made by compress-
ing PNE-1 powder with a surface layer of the active
substance in the form of a solid solution of crystals of
barium and strontium or barium, strontium and calcium
(BaSrCa) O crystals. The principle of operation of any
cathode is based on the process of electron emission
from its surface. If we consider the oxide cathode, then
such a surface are barium atoms. The durability of the
oxide cathode is determined by the fact that the oxide
layer is gradually depleted in barium atoms. The nickel
base that the cathode core consists of is used for a num-
ber of reasons:

- low operating temperature, when viewed from the
point of view of the rate of evaporation of the metal and
its mechanical properties;

- the proximity of the coefficients of thermal expan-
sion of nickel with oxide coating;

- high chemical stability with respect to the oxide
layer and gases released during thermochemical treat-
ment,

- low evaporation rate of the active substance from
the surface of nickel;

- wide possibilities of shaping, ease of processing.
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The active layer of the cathode is formed at the stages
of pumping and training. As the starting material that is
applied to the core surface, triple carbonate (BaCO;,
SrCO;, CaCQ0sy) is used in the ratio: 47:43:10% (in molar
fractions). These ratios provide the highest emissivity of
the cathodes at a given temperature [2]. Organic binders
are used to fix the carbonate coating on the cathode core.

The formation of the active layer of the cathode
should be divided into three stages:

1. Decomposition of a binder (binder) into gaseous
products and a carbon residue;

2. The conversion of alkaline earth metal carbonates
to oxides, the main degassing of the oxide layer;

3. The final degassing — the formation of an active
oxide layer.

Binder decomposition — begins at a temperature of
423 and ends at 773 K. The binder decomposes with the
release of volatile neutral monomers and a very small
carbon residue in the coating. The resulting gaseous
products are able to oxidize the surface of the parts of
the device, and the presence of a significant carbon resi-
due can get into the cathode coating. As the cathode
temperature rises further, carbonate dissociation begins
with the formation of alkaline earth metal oxides. The
most effective cathode degassing occurs in the tempera-
ture range 900...1100 K [1]. In this case, the process
proceeds smoothly without breaking the coating and
ejecting individual particles from it.

Coating activation — the process of enrichment of
metal oxides with barium atoms begins already in the
process of decomposition of carbonates, since at higher
temperatures in vacuum oxygen atoms are removed in
larger quantities than barium atoms. As the cathode tem-
perature increases, the dynamic equilibrium shifts toward
a higher concentration of excess barium atoms in the ox-
ide layer, where BaO is chemically reduced using addi-
tives in the core material. Alkaline earth metal oxides
cannot be reduced using pure nickel. Therefore, to acti-
vate the oxide cathode, additives of magnesium, calcium,
zirconium or tungsten are added to nickel; in addition,
additives, being electropositive elements, reduce the elec-
tron work function. Also, adding additives can achieve a
significant reduction in the time spent on pumping, as
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well as lower the working temperature of the cathode. In
a simplified form, the model of the oxide cathode can be
represented as follows, starting with the operation of the
simplest system — single-crystal barium oxide at elevat-
ed temperature in vacuum:

1. Due to thermal dissociation and evaporation, bari-
um oxide (BaO) passes from a composition with an ex-
cess of oxygen (BaO) O to a composition with an excess
of barium (BaO) Ba. During the calcination of barium
oxide in vacuum, predominant oxygen evaporation oc-
curs, as a result of which an excess of barium accumu-
lates in the condensed phase. As an excess of barium is
accumulated, the rate of oxygen evaporation decreases,
and the rate of barium evaporation increases to a dynami-
cally stationary state, when the rate of evaporation of the
components is proportional to their concentration in the
condensed phase and the composition of the compound
remains unchanged until complete evaporation. Barium
oxide in this state is a system with an excess of barium in
the bulk, and especially on the surface of the crystal, and
is a semiconductor with a high density of surface states.
The durability of such a cathode (in the absence of the
influence of secondary factors on the dynamics of the
processes) is determined by the supply of the active
substance and its evaporation rate.

2. The transition from barium oxide (BaO) to solid
solutions of alkaline earth metal oxides — (BaSrCa) O
requires a more complex model. First, a slightly higher
energy of interaction of barium with oxides of strontium
and calcium, apparently, contributes to the concentra-
tion of excess barium on the surface of the crystals of
the oxide layer and the deformation of its electronic
states. All this together provides a decrease in the effec-
tive value of the work function by several tenths of elec-
tron-volts. Secondly, due to the higher evaporation rate
of barium oxide compared with strontium and calcium
oxides, the surface of the oxide layer is depleted in bari-
um during cathode operation. The stability of the sur-
face composition is provided by the balance of the rates
of entry and evaporation of barium from the surface. In
this regard, the volume of the layer is a reservoir of the
active substance, which allows the composition of the
surface layer of the cathode to remain unchanged
through the processes of evaporation, migration, and
diffusion. At the cathode operating temperature, the rate
of migration over the surface of the crystals and Knud-
sen evaporation is equal to or greater than the rate of
evaporation of barium from the surface of the oxide
layer. The diffusion rate of barium in the bulk of the
crystals is much less than the rate of its evaporation.
Therefore, after evaporation of barium from the surface
layer of all crystals of the oxide layer, intense depletion
of the cathode surface layer begins with a corresponding
change in its properties. Thus, unlike barium oxide, the
life of a real cathode is determined by the evaporation of
a small part of the total supply of barium oxide almost
exclusively from the surface layer of crystals.

The selection of the emission current from the cath-
ode affects the properties of the cathode and its opera-
bility: it accelerates the activation of the oxide layer and
the evaporation of oxygen, heats the layer with Joule
heat, and in large fields causes electric breakdown of the
layer. The effect of current on the properties of the
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cathode increases with decreasing temperature (since
this increases the voltage gradient in the oxide layer),
with increasing thickness and porosity of the layer, with
an increase in the electric field in it [2].

The subject of research in this work is the elemental
composition and structure of the emitter and core. Sam-
ples of a new cathode and cathode with an operating
time of 7000 hours were selected as objects of study.
The samples are disks cut from cathodes (Fig. 2) with a
diameter of 32 mm in an amount of 2 pieces from each
cathode. In one of every two samples, the active oxide
layer was removed to study the core in its pure form

(Fig. 1).
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Fig. 1. Samples of cathodes: “a” — new cathode,
“b” — spent 7000 hours

Fig. 2. Cathode

EXPERIMENTAL TECHNIQUE

The studies were performed using an X-ray fluores-
cence spectrometer (Fig. 3) with wave dispersion S 8
Tiger (Bruker AXS GmbX, Germany). The spectrome-
ter is equipped with an OEG 95LT X-ray tube with an
Rh anode with a maximum power of 4 kW and a current
of up to 170 mA, a set of crystal analyzers, flow-propor-
tional and scintillation detectors, collimators, as well as
Al and Cu filters of various thicknesses. The spectrome-
ter is controlled and spectral data is processed using the
Spectra Plus software package, which includes software
for semi-quantitative (non-standard) express analysis of
samples of unknown composition. To take into account
the effects of inter-element influence, a model of correc-
tions in concentration with theoretical a-coefficients is
used, based on the method of fundamental parameters
[3]. The conversion of the intensity of the measured
analytical line into the content of the determined ele-
ment is carried out using the following expression:

C =a,+a,-1,-(1+) a,-C)),
i)
where C; is the concentration of the element being deter-
mined; ay, a;, ¢; are the coefficients determined using
linear regression; /; is the intensity of the analytical line of
the determined element; C; is the concentration of the
element that affects the determination of the intensity /;.

The diameter of the samples (32 mm) was selected
in accordance with the dimensions of the measuring
chamber of the spectrometer, in the future it is planned
to alter the chamber to the size of the cathode to ensure
non-destructive testing. The measurements were carried
out in vacuum.
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-
Fig. 3. X-ray fluorescence spectrometer S 8 Tiger
(Bruker AXS GmbX, Germany)

RESULTS AND DISCUSSION

As noted above, the emissivity of the cathode direct-
ly depends on the number of atoms of the active sub-
stance in the oxide layer and the atoms of the additive
elements in the core. By X-ray fluorescence analysis,
the spectra of elements were obtained: from the oxide
layer: Ni, Sr, Ba, Ca, Na, S; from core material: Ca, Sr,
Na, Fe, Si, Mg, S, Co. The choice of elements is deter-
mined by the chemical composition of the core material
(PNE-1) according to GOST No. 9722-97. By the inten-
sities of the lines of the elements, one can judge the
quantitative composition of the oxide layer and core. In
Fig. 4 shows the spectra of elements (a) the oxide layer
of the new cathode, (b) the oxide layer of the spent
cathode, (c) the core of the new cathode, and (d) the
core of the spent cathode. For a more visual illustration
in Fig. 5 shows the data of the intensities of the spec-
trum lines in the form of histograms. The above distri-
butions illustrate the redistribution of elements during
cathode operation due to diffusion [4]. A noticeable
decrease in the intensity of the line of elements in the
spent cathode demonstrates a decrease in the number of
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atoms of active elements both in the oxide layer and in
the core material. A typical illustration is an increase in
the number of core atoms (Ni, S) compared with the
number of atoms of the oxide layer in the spent cathode
(see Fig. 5,a,c). In Fig. 6 shows the surface of the spent
oxide layer; the surface of the spent (a) and new (b)
cathode oxide layer is shown at an increase of 50 times.
The oxide layer of the spent cathode is more porous
compared to the new one, mechanically destroyed in
some places, core material is visible. This surface char-
acter arises, not only due to depletion (a decrease in the
number of atoms of the main element), but also, possi-
bly, due to foci of local heating.

The occurrence of foci of local heating can be explained
by the following features:

- in different areas of the oxide layer, the resistance
and emissivity are different;

- the oxide layer has a large resistance, therefore, its
heating by the cathode current is comparable with heat-
ing from the glow current;

- with increasing temperature of the oxide layer, its
resistance decreases, since the oxide layer is a semicon-
ductor.

The cathode current is distributed so that large cur-
rents flow in areas with lower resistance and higher
emission ability. In these areas, the heating intensifies,
as a result of which the resistance decreases and the
electron yield increases. Subsequently, the current value
increases. Hot spots can also occur due to ion bom-
bardment of the cathode surface. The general nature of
the distributions and microscopic studies indicate the
level of depletion of the spent cathode, which inevitably
leads to a loss of emission.
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Fig. 4. Spectra of elements of an oxide layer of a new cathode (a); spectra of elements of an oxide layer of a spent
cathode (b); spectra of elements of a core of a new cathode (c); spectra of elements of a spent cathode core (d)
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Fig. 5. Distribution of intensities of line elements in the spectra: “a, b, ¢’ —in the oxide layer,
“d, e, f” —in the core material
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FINDINGS

1. A complex of studies of the oxide layer and core
material of cathodes with varying degrees of operating
time has been carried out.

2. The possibility of using the method of X-ray fluo-
rescence analysis to determine the degree of depletion
and predicting the efficiency of the cathodes is shown.

3. The factors determining the degradation and re-
duction of cathode emissions are determined.
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HNCCIHEJOBAHHUE COCTABA OKCUJHOI'O CJI0S U KEPHA KJIMCTPOHHBIX KATOJOB
C PA3JINYHOM CTENNEHBIO HAPABOTKH

C.A. Banoica, P.H. /lponos, B.A. May, A.B. Meodseoes, B.FO. Tumos, 10./]. Typ, H.A. Yaiika, E.A. Apowenxo

B cootBetcTBHM € TIporpaMMoii paboT 1O BOCCTAHOBJICHHUIO KIMCTPOHOB MPOBEEH IUKJI MCCIEI0BAHUH, KOTO-
pBIil BKJIIOYaeT B ce0si pPeHreHOGUIIOOPECIICHTHBIM aHAIN3 COCTaBa CIIOSI SMUTTEpA M KEPHA OKCHIHBIX KAaTOJOB C
pa3nMYHON CTENeHbI0 HapaOOTKH. MccnemoBaHus MPOBENCHBI C LENBIO OIEHKHM BO3MOXHOCTH HCIIOJNB30BAHHUA U
MPOTHO3UPOBAHMA pecypca, Kak PeCTaBPUPOBAHHBIX, TaK M OBIBIIMX B 3KCIUTyaTallMH KaTOMOB. AHAJIN3 OCYILECTB-
neH npu nomomn WDXRF-criektpomerpa Bruker S8 TIGER (MoutHocTs peHTreHoBCKOi TpyOkn 4 kBT, Rh-katon,
cuia toka 10 170 MA, HanpspkeHue 1o 60 kB), ¢ mporpammubiM naketoM Spectra Plus. CpaBHUTENbHBIH aHaIH3
MOJIYYSHHBIX JIAaHHBIX JUI OMHUTTEPOB C Pa3JIMUHON CTENEHBI0 HAPAOOTKH MOXKET 00EeCIevnTh JTOCTATOYHO JIOCTO-
BEPHYIO OLIEHKY pabOTOCIIOCOOHOCTHU U pecypca KaTo/0B.

JOCIIIJIKEHHSA CKJIAAY OKCUIHOT'O HIAPY I KEPHY KATOAIB KJIICTPOHIB 3 PI3BHUM
CTYIEHEM HAITPAITIOBAHHSA

C.0. Bansca, P.M. /Iponos, B.O. Mau, O.B. Meogeoes, B.1O. Tumos, 10./]. Typ, 1.0. Yaiika, €.0. Apouwienko

3TigHO 3 TPOTrpaMor0 POOIT MO BiIHOBJICHHIO KIICTPOHIB MPOBEIEHO IUKI JOCIiKEHb, KW BKIIOYAE B cebe
PEHTEHO(ITIOOPECIICHTHHN aHai3 CKJIaly Iapy emiTepa i KepHa OKCHUAHHMX KaTOIIB 3 PI3HUM CTYIIEHEM Hampalrio-
BaHH:. JlocmimkenHs Oyo MPOBEICHO 3 METOIO OIIHKM MOXKIIMBOCTI BUKOPHCTAHHS 1 MMPOTHO3YBAHHA PECypCy SK
pecTaBpOBaHMX, TaK 1 KaTOMiB, IO OynIM BKe B eKCIuTyartarii. AHami3 3milicHeHo 3a momomororo WDXRF-
cnekrpomerpa Bruker S8 TIGER (notyxHicte penTreniBcbkoi Tpyoku 4 kBt, Rh-karon, cuna ctpymy no 170 MA,
Hanpyra 10 60 xB), 3 nporpamuum nakerom Spectra Plus. ITopiBHsUIbHMI aHaIi3 OTpUMaHUX JaHUX JUIS eMITepiB 3
PI3HMM CTyIICHEM HaNpallOBaHHS MOXKE 3a0€3IEeYNTH JOCHTH JOCTOBIPHY OILIHKY Mpale3/aTHOCTI 1 pecypcy Karo-
JUB.
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